Two identical prototype solar dryers (direct and indirect) having the same dimensions were used to dry whole mint. Both prototypes were operated under natural and forced convection modes. In the case of the later one the ambient air was entered the dryer with the velocity of 4.2 m s
Introduction
Open air sun drying is the dominant method that is used to preserve agricultural products, in which agriculture plants are directly exposed to solar radiations in an open environment. However, the contamination with dust, soil, sand particles and insects are some problems associated with this method [1, 2] . To overcome previous problems, solar drying method could be used to dry agriculture products instead of traditional sun drying method as the drying process takes place in enclosed structures [3] . Utilization of solar energy as a reliable energy source to dry foods in Egypt has a great potential, as, the annual daily average solar radiation on a horizontal plane in Egypt is 8 kW m À2 day À1 and the measured annual average daily sunshine duration is approximately 11 h [4] .
Mint is a genus of the Labiatae family, which comprises a wide number of species, varieties and hybrids. It helps in colds, flu, fever, poor digestion, motion sickness, food poisoning and for throat and sinus ailments [5] [6] [7] . Mint as flavoring agent is coming after vanilla and citrus flavors over the world [8] .
Several researches have investigated the drying kinetics of mint leaves and evaluated various mathematical models to describe thin layer drying characteristics [5, 6, 9, 10] . The best drying models to explain thin layer drying behavior of mint leaves under different drying methods were Wang and Singh model [9] , logarithmic model [6] and Midilli and Kucuk model [5, 10] .
However, the literature is scarce on the drying kinetics of mint as a whole plant. Mu¨ller et al. [11] found that, the drying of whole mint in greenhouse solar dryer from initial moisture content of 80% (w.b.) to final moisture content of 10% (w.b.) took 3 days. Lebert et al. [12] examined the effect of drying conditions (air temperature, humidity and air velocity) on drying kinetics of mint, and they concluded that, the drying air temperature was the main factor in controlling the rate of drying. The effect of the drying temperature schemes on the drying kinetics of chopped mint in a rotary dryer was investigated by Tarhan et al. [13] . They found that, the drying durations were decreased from 15 to 18 h for constant temperature profile to 12-15 h when rectangular wave-shaped temperature profiles were used.
As mentioned above, the literature is scarce on the drying kinetics of the solar drying of mint as a whole plant. Besides, most previous studies used small amounts in their investigations. So, this study was carried out to study the drying kinetics of mint as a whole plant using pilot scale solar dryers considering the effect of solar dryer type (direct and indirect) and drying air flow mode. In addition, ten mathematical models were used to fit the drying curves of mint. Finally, the effective diffusivity of drying of mint was calculated.
Material and methods

Drying experiments
Fresh mint was purchased at a local market in Giza, Egypt. Before drying, the foreign materials, as weeds, spoiled and discolored plants were removed. Drying experiments were carried out using direct and indirect prototype solar dryers. The two prototypes are constructed from wood frames and have the same dimensions as shown in Figs. 1 and 2 . The direct prototype solar dryer was covered by transparent polyethylene film; while black polyethylene film was used to cover the indirect prototype solar dryer. Each dryer has six perforated galvanized steel trays with the dimension of 1.00 · 0.90 · 0.04 m, and the spacing between them was 0.12 m. Each tray was loaded with 1.2 kg of fresh whole mint, which was spread as a single thin layer. The two prototypes were installed on the roof of the Department of Food Science and Technology building, Faculty of Agriculture, Cairo University, Giza (latitude of 30°00N and longitude of 31°10E).
The experimental data were manually recorded every 2 h from 10 a.m. to 6 p.m. over two days, except forced convection drying runs which were started at 12 noon in the first drying day. Natural convection runs were conducted during 10-11/07/2012, while forced convection runs were conducted during 5-6/08/2012. Both prototypes (the direct and indirect solar dyers) were operated under natural and forced convection. In the forced convection mode, a fan (0.50 m diameter and 0.75 kW) was mounted in the exit channel of each prototype, where the air velocity at the entrance channel of both solar dryers was 4.2 m s À1 as measured. The dryers were shut down during the night, and experimentation was resumed the next day at 10 a.m.
Measurements and calculations
Drying air temperatures in the middle of the dryer, 6-cm above each tray was measured using a calibrated thermocouple (±0.75°C) (EXTECH, EA15, Taipei, Taiwan), also ambient air temperature was measured with the same instrument. The drying air velocity at the entrance channel of both solar dryers during forced convection runs only was measured using a calibrated hot wire thermo-anemometer (±3%) m s À1 ) (EX-TECH,). A digital balance of XWZ, Shanghai, China (±0.001 kg) was used to measure the mass loss of the product during the drying process. The weight of the goods on each tray was measured by removing the tray outside the dryer for approximately 2 min. The data for the hourly solar irradiance during the drying experiments were obtained from the Central Laboratory for Agricultural Climate, Dokki Meteorological Station, Giza, Egypt. The initial moisture content M o of mint was determined using the method described in the AOAC [14] . Moisture ratio (MR) was calculated using the following equation:
where M, M o and M e (kgwater/kgmatter) are the moisture content at any time, initial moisture content and equilibrium moisture content, respectively. The moisture ratio was simplified to Eq. (2) by some investigators [6, 15] due to the continuous fluctuation of the relative humidity of the drying air during solar drying. Moreover, Dissa et al. [16] considered that the M e was relatively small compared to M o and M and could be neglected.
The drying rate, (kg/h), was determined using the following equation:
where M t and M t+Dt (kg water/kg dry matter) are the moisture content at time t (hours) and moisture content at time t + Dt, respectively.
Fitting of drying curves
Ten empirical models were used to fit the drying curves of mint as shown in Table 1 . The regression analysis was performed using curve fitting toolbox of MATLAB program version 7.12.0. The goodness of the fit was evaluated according to the values of adjusted coefficient of determination (adjusted R 2 ), as primary criterion, and the values of Root Mean Square Error (RMSE), as secondary criterion. Good fit has values closer to 1 of adjusted R 2 and lower values of RMSE.
Determination of effective diffusivity coefficient
Fick's second law (Eq. (4)) is used to describe the drying behavior of any material in the falling rate drying period [6] .
where D eff is the effective diffusivity, t is time, and $ is the onedimensional nabla squared operator. The solution of Fick's second law in slab geometry, with the assumptions of moisture migration being by diffusion, negligible shrinkage, constant diffusion coefficients and constant temperature was as follows [6] :
where L is the thickness of the slab in sample and n is the positive integer. For long drying periods, Eq. (5) can be further simplified to only the first term of the series (n = 1). Using the moisture ratio (MR) from Eqs. (2) and (5) can be written in the following logarithmic form: 
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Thus, the effective diffusion coefficients can be calculated by plotting experimental drying data in terms of ln(MR) versus drying time to give a straight line with a slope (k o ) of the following:
Results and discussion Ambient air, drying air temperatures above each tray and solar radiation during solar drying of mints are shown in Fig. 3 . During the drying experiments, the solar irradiance ranged from 50 to 944 W m À2 and from 39 to 900 W m À2 for natural and forced convection runs, respectively. The temperature of ambient air for natural and forced convection ranged from 32.6 to 40°C and from 31.2 to 40.3°C, respectively. The temperature of drying air above each tray during natural convection runs ranged from 32.6 to 55.1°C and from 32.6 to 46.5°C for direct and indirect solar dryer, respectively. While, the temperature of drying air above each tray during forced convection runs ranged from 31.2 to 38.4°C and from 31.2 to 38.7°C for direct and indirect solar dryer, respectively.
For natural convection runs, data illustrated in Fig. 3 show that the ambient temperature increased until afternoon and decreased after the afternoon. The highest ambient temperature was 40°C at 2 p.m., while the maximum drying air temperatures were 55.1°C and 46.5°C for direct and indirect solar dryer, respectively. Drying air temperatures inside direct solar dryer were higher than drying temperatures inside indirect solar dryer, which could be attributed to greenhouse effect associated with transparent plastic cover.
For forced convection runs, data illustrated in Fig. 3 show that the ambient temperature increased until afternoon and decreased afterward. The highest ambient temperature was 40.3°C at 2 p.m., while the maximum drying air temperatures were 38.4°C and 38.7°C for direct and indirect solar dryer, respectively. The drying air temperatures were slightly below the ambient temperature since the air residence time inside the dryer was not sufficient to increase its temperature. On the other hand, the evaporation of water from mint plants during drying is responsible for this slight decrease in the temperature.
Moreover, data illustrated in Fig. 3 show that the patterns of ambient and drying air temperature change under all tested conditions are almost similar for all drying runs. The drying air temperatures depend on the ambient temperature, the intensity of solar irradiance and the air residence time inside the dryer.
Drying curves
Since the initial moisture content of mint was not the same for the different runs (77.3% and 81% on wet basis for natural and forced convection runs, respectively), the dimensionless moisture ratio versus time was plotted to normalize the drying curves as shown in Fig. 4 . It is apparent that the moisture ratio decreased continuously with drying time.
In natural convection runs, the total drying time in the direct solar dryer was less than in the indirect one. Both solar dryers were operated under the same atmospheric conditions (ambient air temperature, ambient air velocity and ambient relative humidity). However, due to the greenhouse effect associated with transparent plastic films, the drying air temperature inside the direct solar dryer increased than the air temperature of indirect one as shown in Fig. 3 . Therefore, this reduction in drying time could be related to the higher drying air temperature above each tray in the direct dryer. Moreover, the drying time of mint in the first tray was the lowest time in all runs which could be also related to the higher temperature above this tray as a consequence of direct exposure to sun radiation. These results are in agreement with that found by Lebert et al. [12] ; where they investigated the effect of drying air temperature, relative humidity and drying air velocity on the drying kinetics of mint using full automated oven dryer. They stated that drying air temperature was the main factor affecting the drying rate of mint. Variations in drying rate with drying time are shown in Fig. 5 for different operating conditions. Under all operating conditions, there were no constant rate for all curves and all the drying operations occur in the falling rate period. Similar trend was observed by Fatouh et al. [22] . They dried several whole herbs using heat pump dryer. They found that the drying of whole jaw's mallow at lower surface area load (3.5 kg m
À2
) occurred in the falling rate period only, while at higher surface area loads (7-28 kg m À2 ) the drying rate curves showed a constant drying period at the beginning of the drying process followed by a falling rate period. Moreover, they found that the constant rate period was increased with increasing surface area loads. They related shortens of constant rate period associated with low surface area load to area shrinkage, which caused the drying rate to decrease continuously. This explains why the drying process for lowest surface loads (3.5 kg m
) exhibited no constant drying rate period and lies completely in the falling rate period.
For natural convection runs, the data illustrated in Fig. 5 show that the drying rate of mint in first tray was higher than drying rate of mint in other trays especially during the initial hours of the drying experiments. This higher drying rate is Solar Drying of Mintrelated to the effect of higher drying air temperature above this tray, and its direct exposure to the solar irradiance, as explained earlier.
It is also noticed that the drying rate for all the trays is very close after the first couple of hours in all runs. During the first couple of hours, the drying rate is the highest and the drying is gas-phase controlled, thus it depends much on the drying air conditions. However, after the initial high drying rates, the conditions of the drying air are not the main effective variable, since the diffusion inside the plants becomes slower (due to lower moisture content). Thus, by approaching the final dry plants, the drying rate over the trays becomes closer.
The results presented in Fig. 5 show that the drying rate of mint under forced convection was much higher than that of mint under natural convection, especially during the initial hours of drying (first day). The average moisture removal over the six trays during first day was (70.0-75.4%) and (85.5-86.8%) for natural and forced convection runs, respectively. This higher drying rate in the forced convection runs in the first drying day could be due to higher mass transfer coefficient associated with forced convection, since the higher air velocity in the forced convection runs reduced the gas mass transfer resistance. This is in accordance with what Jain and Tiwari [23] reported, where they stated that the convective mass transfer coefficient in greenhouse drying under forced mode is higher than that of natural convection in the initial stages of drying.
It is also to be noticed that the drying rate for forced convection is almost the same for both direct and indirect convection. This phenomenon could be explained by the data presented in Fig. 3 , which show that the temperature inside both dryers is similar to the ambient temperature. Therefore, both dryers operated at the same operating condition (drying air temperature, air velocity and relative humidity) and hence, the drying rates for them were similar.
The data in Fig. 5 show that drying rate at the end of the first drying day is virtually zero. This reduction in the drying rate could be related to lower evaporation rate associated with low temperature inside dryers during night. Moreover, data in Fig. 5 show that the drying rate was increased again in the next day, which could be attributed to the increase in the drying air temperature.
Fitting of drying curves
The arithmetic average moisture ratio of the six trays was computed and then ten empirical models were fitted to determine the moisture content as a function of the drying time. The statistical analysis results for natural and forced convection runs of mint are presented in Tables 2 and 3 , respectively. These models were evaluated based on adjusted R 2 and RMSE. Data in Table 2 show that for natural convection runs the adjusted R 2 for all models were higher than 0.96 except that for Wang and Singh model. The same data show that, Diffusion approach and Verma et al. models were the best models for thin layer natural convection solar drying of mint for the direct and indirect drying. The data in Table 3 show that the adjusted R 2 for forced convection runs for all models were higher than 0.97 except that for Wang and Singh model. Also Verma et al. model was the best model for thin layer solar drying of mint for both plastic covers. Thus, all the tested models except Wang and Singh may be assumed to represent solar drying behavior of mint in thin layer beds to an acceptable degree of accuracy.
Determination of effective diffusivity
The values of effective diffusivity obtained for mint at different operating conditions as presented in Table 4 ranged between 1.2 · 10 À11 and 1.33 · 10 À11 m 2 s À1 . It could be noticed that the effective diffusivity values of forced convection runs were higher than that of natural convection ones. The results are in agreement with that found by Park et al. [7] , where they reported that the effective diffusivity is expressed as a function in air temperature and air velocity. They found that increasing of drying air velocity from 0.5 m s À1 to 1 m s À1 at 50°C increased the effective diffusivity of mint from 2.261 · 10 À12 to 2.945 · 10 À12 m 2 s
À1
, respectively. They related this increase in the effective diffusivity to the effect of air velocity on reducing the external resistance of mass transfer.
Conclusions
In this study, the drying of mint was investigated under solar drying conditions with natural and forced convection modes. Solar drying of mint with both natural and forced convection modes occurred in the falling rate period; where no constant rate period of drying was observed. The drying rate of mint under forced convection was higher than that of mint under natural convection, especially during first hours of drying (first day). For forced convection, the rate of drying was the same in both direct and indirect drying, since the temperatures and the air velocity above the trays were almost the same. To explain the drying behavior of mint, ten thin layer drying models were applied. The results showed that for natural convection runs, Diffusion approach and Verma et al. models were the best models able to describe thin layer solar drying of mint for both direct and indirect drying, respectively. For forced convection, Verma et al. model was the best model for thin layer solar drying of mint for both direct and indirect drying.
The values of the effective diffusion coefficients for the drying of mint (as a whole plant) ranged between 1.2 · 10 À11 and 1.33 · 10 À11 m 2 s
À1
.
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